Quantitative polymerase chain reaction (qPCR) is a powerful technique for quantification of gene 22 expression, especially genes involved in immune responses. Although qPCR is a very efficient and 23 sensitive tool, variations in the enzymatic efficiency, quality of RNA and the presence of inhibitors 24 can lead to errors. Therefore, qPCR needs to be normalised to obtain reliable results and allow 25 comparison. The most common approach is to use reference genes as internal controls in qPCR 26
Introduction 38
Transcriptional regulation in response to infections has been studied using different 39 techniques, for example northern blotting, cDNA microarrays, in situ hybridisation and quantitative 40 PCR (qPCR) (Matulova et al., 2013; Sandford et al., 2012; Bojesen et al., 2004) . The last technique 41 become a very popular tool in host-pathogen interaction studies because of its high sensitivity and 42 potential for high throughout and enhanced specificity. These characteristics are important in 43 immunological research where genes of interest frequently have many splice variants and very low 44 expression levels (Huggett et al., 2005) . It is therefore a very useful technique, especially in chicken 45 immunology, where species-specific antibodies are generally not yet commercially available. 46
Although qPCR is the most relevant technique, there are still many problems associated with its use, 3 mainly inherent variability of RNA, and differences in efficiencies of reverse transcription (RT) and 48 PCR (Bustin, 2002) . To make analysis of qPCR reliable, the data need to be normalised using 49 reference genes (also known as internal controls or housekeeping genes). The process of selecting 50 internal control genes needs to be cogent to avoid errors in interpreting the mRNA quantification 51 results (Gantasala et al., 2013) . Reference genes usually have well-characterised and permanent 52 functions and, in theory, their expression is stable. Ideal reference genes have consistent expression in 53 varying experimental and environmental conditions. Expression of target genes can be normalised 54 with internal control genes in samples that vary in qualities and quantities of starting RNA. It also 55 compensates for differences in enzymatic efficiencies in individual templates because the reference 56 genes undergo the same preparation steps and are exposed to the same treatments as the gene of 57
interest. An ideal reference gene is yet to be identified (Bär et al., 2009) . Many authors suggest that a 58 definite or universal internal control gene for every condition in different tissues and cells does not Schmittgen and Zakrajsek 2000). It has therefore been suggested that determination of appropriate 64 reference genes should be performed for experiments involving a specific cell type or tissue with 65 different experimental settings before qPCR (Riemer et al., 2012) . 66
The use of reference genes as internal controls in qPCR normalisation studies is now a 67 standard procedure. Researchers have used many methods to identify reference genes. The most 68 popular strategies are the use of software and algorithms such as GeNorm (Vandesompele et al., 69 2002) , BestKeeper (Pfaffl et al., 2004) and NormFinder (Andersen et al., 2004) . Many studies use 70 more than one of these programs as they differ in their underlying assumptions (Chang et al., 2012; 71 Ledderose et al., 2011; Perez et al., 2008) . 72
In this study, the stability of seven reference genes was measured with the aim of creating a 73 set of genes that could be used as internal controls in mRNA expression studies in chicken lymphoid 74 organs, and to confirm ribosomal 28S (r28S), which we have used as a reference gene in these studies 75 for fifteen years, was appropriate. A group of standard reference genes (ACTB, B2M, GAPDH, 76 GUSB, TBP, TUBAT, r28S) was chosen for evaluation of their mRNA expression in cells isolated 77 from the spleen, bursa and thymus and stimulated with different mitogens (see Materials and 78 Methods). The three softwares described above were used to calculate gene stability in an effort to 79 select the least variable genes as appropriate controls in future expression studies. 80 81
Materials and methods 82
Tissue-cell collection and stimulation 83 J-line layer chickens were bred and hatched at The Roslin Institute. Birds were reared in floor pens 84 and water and feed was provided ad libitum. Bursa of Fabricius, spleen and thymus were collected 85 from each bird and single-cell suspensions prepared by gently squeezing the tissues through a 40 µm 86 nylon strainer. Leukocytes were isolated with density gradient centrifugation for 20 min at 300 x g 87 using Histopaque 1.077 (Sigma-Aldrich, Poole, UK). Isolated cell numbers were adjusted to 5 x 10 6 88 cells/ml with pre-warmed RPMI media containing 10% CS. Cells were cultured in 25 mm 2 flasks for 89 4 h with the addition of 500 ng/ml phorbol myristate acetate (PMA) and 1 µg/ml ionomycin for bursal 90 cells, 1 µg/ml Concanavalin A (ConA) for splenocytes and 25 µg/ml phytohaemagglutinin (PHA) for 91 thymocytes. 92
93

RNA extraction and cDNA synthesis 94
Total RNA was isolated using an RNeasy Mini Kit (Qiagen, Crawley, UK) according to the 95 manufacturer's protocol. The quality and quantity of the extracted total RNA was evaluated by 96 spectrophotometry using NanoDrop™ 1000. First-strand cDNA synthesis was performed using a 97 in Table 1 . 112
Reaction mixes were prepared using the following components for each of the samples: 5 µl ABI 113 cycle profile: 2 min at 50°C, 10 min at 95°C, followed by 40 cycles with denaturing for 15 s at 95°C, 118 and annealing/elongation for 1 min at 60°C. Melting curves were generated to confirm a single-PCR 119 product for each reaction (from 60°C to 95°C, increasing 1°C every 3 s). All reactions were 120 performed in duplicate and in each run internal standard curves (serial dilutions of a pooled cDNA 121 sample for each tissue-type, mock and antigen-stimulated) were used to assign relative concentrations 122 to the samples. 123
Statistical analyses 124
To select suitable internal controls, the stability of each gene was statistically analysed with three 125 3) that is derived based on the slope of the standard curve, by graphing the log of the DNA 134 concentration used versus Cq value for the sample (Supplementary file). 135
(2) 136
(3) 137
The three software programs generate measures of reference gene stability. geNorm, using Q values, The two sources of variation represent systematic error that will occur when the given gene will be 157 used (Andersen et al., 2004) . BestKeeper analyses the expression stability using descriptive statistics: 158 geometric mean (GM), arithmetic mean (AM), minimal (Min) and maximal (Max) value, standard 159 deviation (SD) and coefficient of variance (CV). CV and SD values are used to determine the stability 160 of the reference gene expression, where the most stably expressed genes have the lowest CV and the 161 SD value is below one. Internal controls with SD higher than one can be regarded as unreliable. The 162 genes that are considered to be stably expressed are used to calculate a BestKeeper Index (BKI) as the 163 geometric mean. BestKeeper also analyses inter-housekeeping gene (HKG) relations using the 164 Pearson correlation coefficient (r) and the probability (p) value. 165
Results and Discussion 166
Quantitative PCR is now a standard technique to study RNA expression levels. To precisely 167 determine amplification of transcript fragments, normalisation strategies are necessary (Bustin, 2000) . 168
There are several guidelines that can be followed to minimise inaccuracies in gene expression studies. 169
For example, uniform sample size, RNA extraction methods, reduction of gDNA contamination and 170 internal controls. These methods are not mutually exclusive and can all be included in the protocol 171 (Huggett et al., 2005) . Using a reference gene as an internal control for amplification of the mRNA is 172 the most commonly used and suitable technique (Radonić et al., 2004) . In this study, expression levels 173 of seven reference genes (Table 1) were measured in cells isolated from chicken lymphoid organs 174 (bursa, spleen and thymus) and then stimulated with different mitogens. To identify the most suitable 175 genes for normalisation of qPCR, the geNorm, NormFinder and BestKeeper algorithms were used. 176
All three software programs recognise control genes by determining their expression stability.
8
NormFinder, using calculated relative quantities, identified TBP as the most stably expressed 178 reference gene with a stability value of 0.070 followed by GAPDH (0.151) and 28S rRNA (0.155) 179
( Figure 1 ). For the best combination of two reference genes, the program suggested GAPDH and TBP 180 with a stability value of 0.083. Ribosomal RNA 28S performed equally well as GAPDH, whereas 181 B2M and TUBAT were the worst scoring genes in the panel, with stability values of 0.22 and 0.30 182
respectively. 183
Relative quantities as input data were also used in the geNorm algorithm (Figure 2A) . The pair-wise variation V n/(n+1) for seven reference genes is shown in Figure 2B . The results suggested 191 that three reference genes were sufficient, but the inclusion of a fourth gene did not cause an increase 192 in the variation. Although the pair-wise variation cut-off value (0.15) has not been achieved, using at 193 least three of the most stable reference genes is in agreement with the recommendation from the 194 geNorm software developers. 195
Opposite to the previously described algorithms, BestKeeper uses a raw qPCR Cq as input data to 196 calculate descriptive statistics. Standard deviation values for all reference genes tested in this 197 experiment were higher than one. Therefore, all genes were disregarded from further analysis. In 198 contrast to geNorm or NormFinder, BestKeeper does not allow ranking of the reference genes using 199 the stability value and it does not suggest an optimal number of reference genes. The studied sample RNA as a normaliser can be controversial, based on its technical limitations and can lead to its 232 exclusion from analyses (Lu et al., 2013) . The ubiquitous abundance of ribosomal RNA and lower 233 rate of degradation, compared to mRNA, may influence the results of qPCR (Vandesompele et al., 234 2002) . This is very important for studies on genes characterised with general low abundance where 235 smaller changes in relative expression cannot be detected. The cDNA require dilutions prior to qPCR 236 analysis using a ribosomal reference gene, which may introduce dilution errors. Nevertheless, 237
ribosomal RNAs, including r28S and r18S, has been shown to be stably expressed reference genes 238 Our own laboratory has used r28S as a reference gene for nearly two decades, as published in 243 more than 50 papers (e.g. Rothwell et al., 2012; Wu et al., 2009; Kogut et al., 2003) . This decision 244 was based on early studies in the laboratory, which were never published, comparing expression of 245 r28S, GAPDH, β-actin and ovotransferrin in splenocytes and thymocytes stimulated with a variety of 246 mitogens for various times (Kaspers, Rothwell, Kaiser, unpublished). Ribosomal 28S was by far the 247 most stably expressed of the four genes, and has thus been the laboratory standard housekeeping gene 248 since, until it was decided to revisit the subject with modern analyses. 249
The current study is the first published report of reference gene normalisation in stimulated 250 chicken lymphoid organ-derived cells. These results demonstrate the need to carefully select reference 251 genes for immune genes expression studies. Although this study showed that TBP, GAPDH and r28S 252 are suitable gene expression normalisers for chicken lymphoid cells, we strongly recommend testing 253 internal control genes before gene expression studies in other chicken tissues or cells. 
